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(54) Microelectrical mechanical structure (MEMS) optical modulator and optical display system 



(57) A MEMS optical display system includes an il- 
lumination source for providing illumination light, a col- 
limating lens for receiving the illumination light and form- 
ing from itcollimated illumination light, and a converging 
microlens array having an array of lenslets that con- 
verge the collimated illumination light. The converging 
microlens array directs the illumination light to a micro- 
electrical mechanical system (MEMS) optical modula- 
tor. The MEMS optical modulator includes, for example, 
a planar substrate through which multiple pixel aper- 



tures extend and multiple MEMS actuators that support 
and selectively position MEMS shutters over the aper- 
tures. A MEMS actuator and MEMS shutter, together 
with a corresponding aperture, correspond to pixel. The 
light from the converging microlens array is focused 
through the apertures and is selectively modulated ac- 
cording to the positioning of the MEMS shutters by the 
MEMS actuators, thereby to impart image information 
on the illumination light The light is then passed to a 
diffused transmissive display screen by a projection mi- 
crolens array. 
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Description 

Field of the Invention 

[0001 ] The present invention relates to optical display 
systems and. in particular, to a display system that em- 
ploys a microelectricai mechanical system (MEMS) op- 
tical modulator. 

Background and Summary of the Invention 

[0002] Flat panel optical display systems, such as liq- 
uid crystal displays, are well known and widely used. 
Many such displays (e.g. , liquid crystal displays) require 
polarized illumination light. Typically, polarization of illu- 
mination light greatly attenuates the light, thereby result- 
ing in displays with decreased brightness, or require rel- 
atively expensive optical components. Moreover, such 
displays commonly have relatively low contrast ratios, 
which decreases image clarity and overall image quality. 
Furthermore, such displays typically require complex or 
difficult manufacturing processes. 
[0003] To address such shortcomings, the present in- 
vention includes a microelectricai mechanical optical 
display system that employs microelectricai mechanical 
system (MEMS) actuators to modulate light. As is known 
in the art, MEMS actuators provide control of very small 
components that are formed on semiconductor sub- 
strates by conventional semiconductor (e.g., CMOS) 
fabrication processes. MEMS systems and actuators 
are sometimes referred to as micromachined system^- 
on-a-chip. 

[0004] In one implementation, a MEMS optical display 
system according to the present invention includes an 
illumination source for providing illumination light, acol- 
limating lens for receiving the illumination light and form- 
ing from itcollimated illumination light, and a converging 
microiens array having an array of lenslets that con- 
verge the collimated illumination light. The converging 
microiens array directs the illumination light to a micro- 
electrical mechanical system (MEMS) optical modula- 
tor. 

[0005] The MEMS optical modulator includes, for ex- 
ample, a planar substrate through which multiple pixel 
apertures extend and multiple MEMS actuators that 
support and selectively position MEMS shutters overthe 
apertures. A MEMS actuator and MEMS shutter, togeth- 
er with a corresponding aperture, correspond to a pixel. 
The light from the converging microiens array is focused 
through the apertures and is selectively modulated ac- 
cording to the positioning of the MEMS shutters by the 
MEMS actuators, thereby to impart image information 
on the illumination light. The light is then passed to a 
diffused transmissive display screen by a projection mi- 
croiens array. 

[0006] In alternative implementations, a MEMS opti- 
cal device module can be formed with at least, for ex- 
ample, a converging microiens array a MEMS optical 



modulator, and a projection microiens array. MEMS op- 
( tical display systems according to the present invention 
can be formed from multiple such modules that are ar- 
ranged in arrays and combined with light sources, colli-- 

5 mating optics, and display screens. 

[0007] A MEMS optical display system according to 
the present invention is operable without polarized illu- 
mination light, thereby eliminating the light attenuation 
or expense of the polarizing illumination light. In addi- 

10 tion, light can be completely blocked or modulated by 
the opaque MEMS shutters, thereby providing display 
images with very high contrast ratios. Furthermore, such 
MEMS optical modulators can be manufactured by con- 
ventional CMOS circuit manufacturing processes. 

is [0008] Additional objects and advantages of the 
• present invention will be apparent from the detailed de- 
scription of the preferred embodiment thereof, which 
proceeds with reference to the accompanying drawings. 

20 Brief Description of the Drawings 

[0009] 
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Figs. 1-15 are cross-section views of a general mul- 
ti-user M EMS process known in the prior art for fab- 
ricating microelectricai mechanical devices. Cross- 
hatching is omitted to improve clarity of the prior art 
structure and process depicted. 
Fig. 16 is a diagrammatic side view of one imple- 
mentation of a microelectricai mechanical (MEMS) 
optical display system according to the present in- 
vention- 
Fig. 1 7 is a diagrammatic side view of a MEMS op- 
tical device module. 

Fig. 18 is a diagrammatic side view of a modular 
optical clevice that includes an array of multiple 
MEMS optical device modules of Fig. 1 7. 
Fig. 19 another implementation of a microelectricai 
mechanical (MEMS) optical display system accord- 
ing to the present invention. 

Figs, 20 and 21 are front views of an exemplary 
MEMS actuator in respective activated and relaxed 
states for a controlling MEMS shutter. 
Fig. 22 yet another implementation of a microelec- 
tricai mechanical (MEMS) optical display system 
according to the present invention. 
Fig. 23 is a diagrammatic plan view of a microelec- 
tricai mechanical out-of-plane thermal buckle-beam 
actuator. 

Fig. 24 is a diagrammatic side view of the actuator 
of Fig. 23 in a relaxed state. 
Fig. 25 is a diagrammatic side view of the actuator 
of Fig. 23 in an activated state. 



55 Detailed Description of Preferred Embodiments 

[0010] To assist with understanding the present in- 
vention, the general procedure for fabricating microme- 
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chanical devices usingtheMUMPs process is explained 
with reference to Figs. 1 -1 5. 

[001 1] The MUMPs process provides three-layers of 
conformal polysilicon that are etched to create a desired 
physical structure. The first layer, designated POLY 0, 5 
is coupled to a supporting wafer, and the second and 
third layers, POLY 1 and POLY 2, respectively, are me- 
chanical layers that can be separated from underlying 
structure by the use of sacrificial layers that separate 
layers and are removed during the process. 10 
[0012] The accompanying figures show a general 
process for building a micro-motor as provided by the 
MEMS Technology Applications Center, 3021 Cornwal- 
lis Road, Research Triangle Park, North Carolina. 
[0013] The MUMPs process begins with a 1 00 mm n- t 5 
type silicon wafer 1 0. The wafer surface is heavily doped 
with phosphorus in a standard diffusion furnace using 
POCI 3 as the dopant source. This reduces charge feed- 
through to the silicon from electrostatic devices subse- 
quently mounted on the wafer. Next, a 600 nm low- 20 
stress Low Pressure Chemical Vapor Deposition 
(LPCVD) silicon nitride layer 12 is deposited on the sil- 
icon as an electrical isolation layer. The silicon wafer and 
silicon nitride layer form a substrate. 
[0014] Next, a 500 nm LPCVD polysilicon film— PO- 25 
LY 0 14 — is deposited onto the substrate. The POLY 0 
layer 14 is then patterned by photolithography; a proc- 
ess that includes coating the POLY 0 layer with a pho- 
toresist 16, exposing the photoresist with a mask (not 
shown) and developing the exposed photoresist to ere- 30 
ate the desired etch mask for subsequent pattern trans- 
fer into the POLY 0 layer (Fig. 2). After patterning the 
photoresist, the POLY 0 layer 14 is etched in a Reactive 
Ion Etch (RIE) system (Fig. 3). 

[0015] With reference to Fig. 4, a 2.0 jim phosphosil- & 
ieate glass (PSG) sacrificial layer 18 is deposited by 
LPCVD onto the POLY 0 layer 14 and exposed portions 
of the nitride layer 1 02. This PSG layer, referred to here- 
in as a First Oxide, is removed at the end of the process 
to free the first mechanical layer of polysilicon, POLY 1 40 
(described below) from its underlying structure; namely, 
POLY 0 and the silicon nitride layers. This sacrificial lay- 
er is lithographically patterned with a DIMPLES maskto 
form dimples 220 in the First Oxide layer by RIE (Fig. 5) 
at a depth of 750 nm. The wafer is then patterned with 45 
a third mask layer, ANCHOR!, and etched (Fig. 6) to 
provide anchor holes 22 that extend through the First 
Oxide layer to the POLY 0 layer. The ANCHOR 1 holes 
will be filled in the next step by the POLY 1 layer 24. 
[0016] After the ANCHOR! etch, the first structural so 
layer of polysilicon (POLY 1 ) 24 is deposited at a thick- 
ness of 2.0 jim. A thin 200 nm PSG layer 26 is then de- 
posited over the POLY 1 layer 24 and the wafer is an- 
nealed (Fig. 7) to dope the POLY 1 layer with phospho- 
rus from the PSG layers. The anneal also reduces 55 
stresses in the POLY 1 layer. The POLY 1 and PSG 
masking layers 24, 26 are lithographically patterned to 
form the structure of the POLY1 layer. After etching the 



POLY 1 layer (Fig. 8), the photoresist is stripped and the 
remaining oxide mask is removed by RIE. 
[0017] After the POLY 1 layer 24 is etched, a second 
PSG layer (hereinafter "Second Oxide-) 28 is deposited 
(Fig. 9). The Second Oxide is patterned using two dif- 
ferent etch masks with different objectives. 
[0018] First, a POLY1_POLY2_VIA etch (depicted at 
30) provides for etch holes in the Second Oxide down 
to the POLY 1 layer 24. This etch provide a mechanical 
and electrical connection between the POLY 1 layer and 
a subsequent POLY 2 layer. The POLY1_POLY2_VIA 
layer is lithographically patterned and etched by RIE 
(Fig. 10). 

[001 9] Second, an ANCHOR2 etch (depicted at 32) is 
provided to etch both the First and Second Oxide layers 
18, 28 and POLY ! layer 24 in one step (Fig. 11). For 
the ANCHOR2 etch, the Second Oxide layer is litho- 
graphically patterned and etched by RIE in the same 
way as the POLY1_POLY2_VIA etch. Figure 11 shows 
the wafer cross section after_both POLY1_POLY2_VIA 
and ANCHOR2 etches have been completed. 
[0020] A second structural layer, POLY 2, 34 is then 
deposited at a thickness of 1 .6 \im, followed by a dep- 
osition of 200 nm of PSG. The wafer is then annealed 
to dope the POLY 2 layer and reduce its residual film 
stresses. Next, the POLY 2 tayer is lithographically pat- 
terned with a seventh mask and the PSG and POLY 2 
layers are etched by RIE. The photoresist can then be 
stripped and the masking oxide is removed (Fig. 13). 
[0021] The final deposited layer in the MUMPs proc- 
ess is a 0.5 fim metal layer 36 that provides for probing, 
bonding, electrical routing and highly reflective mirror 
surfaces. The wafer is patterned lithographically with the 
eighth mask and the metal is deposited and patterned 
using a lift-off technique. The final, unreleased exem- 
plary structure is shown in Fig; 1 4. 
[0022] Lastly, the wafers undergo sacrificial release 
and test using known methods. Fig. 1 5 shows the device 
after the sacrificial oxides have been released. 
[0023] In preferred embodiments, the device of the 
present invention is fabricated by the MUMPs process 
in accordance with the steps described above. Howev- 
er, the device of the present invention does not employ 
the specific masks shown in the general process of Figs 
1 -15, but rather employs masks specific to the structure 
of the present invention. Also, the steps described 
above for the MUMPs process may change as dictated 
by the MEMS Technology Applications Center. The fab- 
rication process is not a part of the present invention 
and is only one of several processes that can be used 
to make the present invention. 

[0024] Fig. 1 6 is a diagrammatic side view of a micro- 
electrical mechanicai structure (MEMS) optical display 
system 50 according to the present invention. Display 
system 50 includes a light source 52 arid reflector 54 
that direct illumination light to a collimator lens 58. A con- 
verging microlens array 60 having a two-dimensional ar- 
ray of lenslets 62 (only one dimension shown) receives 
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the collimated light and focuses it toward a microelec- 
trical mechanical structure (MEMS) optical modulator 
70. Microlens array 60 could be f ormed as a molded ar- 
ray of plastic lenses or an array of holographic lenses, 
also referred to as hololenses, or may be an assembled 
array of conventional glass lenses. 
[0025] M EMS optical modulator 70 has a two-dimen- 
sional array of microelectrical mechanical structure 
(MEMS) shutters 72 that are positioned adjacent corre- 
sponding apertures 74 through a microelectrical me- 
chanical structure (MEMS) substrate 76, as described 
below in greater detail. Each MEMS shutter 72 corre- 
sponds to a picture element or pixel and is separately 
controllable by a display controller 78 to block or pass 
illumination light according to an image control signal 
(not shown), thereby to form a display image. For ex- 
ample, each MEMS shutter 72 could occlude its aper- 
ture 74 in inverse proportion to the brightness of the cor- 
responding pixel for a given pixel period, or each MEMS 
shutter 72 could occlude its aperture 74 for an occlusion 
period that is inversely proportional to the brightness of 
the corresponding pixel. 

[0026] A projection microlens array 80 having a two- 
dimensional array of lenslets 82 (only one dimension 
shown) receives the display image light and projects it 
toward a rear surface 84 of a transmissive display 
screen 86 for viewing by an observer 88. Projection mi- 
crolens array 80 may be of a construction analogous to 
microlens array 60, and could be identical to it to mini- 
mize manufacturing tooling costs. Alternatively, projec- 
tion microlens array 80 could enlarge or reduce the op- 
tical field so that it provides a desired image size on 
transmissive display screen 86. ' 
[0027] M EMS optical display system 50 has a number 
of advantages over commonly available liquid crystal 35 
displays. For example, MEMS optical modulator 70 
does not require that the illumination light be polarized, 
in contrast to the typical operation of liquid crystal cells. 
This eliminates the expense and light attenuation that 
typically accompanies polarization. Moreover, MEMS 
optical modulator 70 can pass unmodulated light with 
virtually no attenuation, whereas typical liquid crystal 
cells significantly attenuate light. Similarly, MEMS opti- 
cal modulator 70 can provide much higher contrast ra- 
tios than liquid crystal cells because MEMS shutters 72 
are opaque and can provide complete modulation of the 
light. Finally, MEMS optical modulator 70 can be man- 
ufactured by conventional CMOS circuit techniques 
without requiring the complex processes typically re- 
quired for liquid crystal displays. 
[0028] In one implementation, for example, MEMS 
optical modulator 70 could include a 200 x 200 array of 
MEMS shutters 72 for controlling light passing through 
a corresponding 200 x 200 array of apertures 74, In this 
implementation, for example, converging microlens ar- 
ray 60 could include 200 x 200 lenslets 62 that each 
have a focal length of about 1 mm, and apertures 74 
may be positioned in a right, regular array with separa- 



tions of about 50 \im between them. M EMS optical mod- 
i ulator 70 in such an implementation could have dimenr 
sions of 1 cm x 1 cm and thickness of substrate 76 of 
about 200 \im. With lenslets 82 of projection microlens' 
5 array 80 providing magnification of about 2.5, display 
screen 86 could have dimensions of about 2.5 cm x 2.5 
cm, or about 1 inch x 1 inch. 

[0029] Fig. 1 7 is a diagrammatic side view of a MEMS 
optical device module 1 00 having converging microlens 
10 array 60 with a two-dimensional array of lenslets 62 (on- 
ly one dimension shown), MEMS optical modulator 70, 
and projection microlens array 80 with a two-dimension- 
al array of lenslets 82 (only one dimension shown). 
MEMS optical device module 100 is shown in relation 
15 to an illumination source, collimating lens and display 
• screen (shown in dashed lines) to illustrate an exempla- 
ry display application or use of module 1 00. 
[0030] MEMS optical device module 100 includes a 
mounting structure (e.g., a frame or housing) 1 02 that 
20 contains or encompasses converging microlens array 
60, MEMS optical modulator 70, and projection micro-, 
lens array 80. Mounting structure 1 02 allows MEMS op- , 
tical device module 100 to fit together with other such 
modules, either in a close packed arrangement or in se- 
25 cure engagement with each other. An electrical connec- 
tion 1 04 (e.g., a plug, socket, lead, etc.) allows a display 
controller (not shown) to be connected to MEMS optical 
modulator 70 to provide display control signals for con- 
trolling MEMS shutters 72. It will be appreciated that in 
™ other implementations, a MEMS optical device module 
of this invention could include any of an illumination 
source, collimating optics and a display screen. 
[0031] Fig. 1 8 is a diagrammatic side view of a MEMS 
optical display system 120 that includes a one- or two- 
dimensional array 122 (only one dimension shown) of 
multiple M^MS optical device modules 100. In one im- 
plementation, all of MEMS optical device modules 100 
are identical. A modular display housing 124 supports 
and encloses array 122 of MEMS optical device mod- 
40 ules 100. 

[0032] Modular display housing 124 includes a light 
source 126, a reflector 128, and collimating optics 130 
to provide collimated illumination to the multiple MEMS 
optical device modules 100. To support a thin flat panel 
45 form factor, light source 126 and reflector 128 could be 
analogous to those used in laptop computer flat panel 
displays, and collimating optics 1 30 could be a generally 
flat microlens array or Fresnel lens. 
[0033] An integrated display controller 1 34 is electri- 
50 cally coupled to electrical connections 1 04 of MEMS op- 
tical device modules 100 to provide integrated control 
of modules 1 00 as a single display. (The electrical cou- 
plings are not shown for purposes of clarity.) A transmis- 
sive, diffusive display screen 136 functions as an inte- 
55 gral display screen for the MEMS optical device mod- 
ules 100 of array 122. 

[0034] In an exemplary implementation, each MEMS 
optical device module 100 provides a 200 pixel x 200 
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pixel display over an area of 2.5 cm x 2.5 cm. A MEMS 
optical display system 1 20 that includes a 6x8 array 1 22 
of MEMS optical device modules 100 would provide a 
1200 pixel x 1 600 pixel display over an area of 15 cm x 
20 cm. 

[0035] For purposes of illustration, MEMS optical dis- 
play system 50 and MEMS optical device modules 1 00 
are each shown with a diagrammatic light source 52. In 
monochromatic (e.g., black and white) implementa- 
tions, light source 52 could correspond to a single (e.g., 
nominally white) light source (e.g., lamp). In polychro- 
matic implementations, light source 52 could include 
one or more separately controlled light sources that co- 
operate to provide polychromatic or full-color images. 
[0036] Fig. 1 9 is a diagrammatic side view of a micro- 
electrical mechanical structure (MEMS) optical display 
system 150 showing one implementation of a polychro- 
matic illumination source 152 and ah associated reflec- 
tor 154. Components of MEMS optical display system 
1 50 that are generally the same as those of display sys- 
tem 50 are indicated by the same reference numerals. 
[0037] Illumination source 1 52 includes multiple (e.g., 
three) color component light sources (e.g., lamps) 
156R, 156G, and 156B that are positioned generally in 
a line, and generate red, green, and blue light, respec- 
tively. A display controller 158 that separately controls 
MEMS shutters 72 also activates color component light 
sources 156R, 156G, and 156B separately. During 
times that it successively activates color component 
light sources 156R, 156G, and 156B, display controller 
158 applies control signals to MEMS shutters 72 corre- 
sponding to red, green, and blue image components, 
thereby to form color component images in a field-se- 
quential manner. 

[0038] For example, color component images that are 
generated at a rate of 1 B0 Hz can provide an image 
frame rate of 60 Hz. In one exemplary implementation, 
a display of 200 x 200 multi-color pixels could employ 
microlens arrays 60 and 70 with 204 x 204 arrays of 
lenslets 62 and 72, respectively, to compensate for dif- 
ferent optical paths taken by different color components 
of light forming the display gamut. As an alternative im- 
plementation, it will be appreciated that multiple succes- 
sive colors of illumination could be obtained by a spin- 
ning color wheel and a white light source, as is known 
in the art. 

[0039] Figs. 20 and 21 are front views of an exemplary 
MEMS actuator 1 70 in respective activated and relaxed 
states for controlling MEMS shutter 72. In this exempla- 
ry implementation, MEMS shutter 72 is maintained over 
its associated aperture 74 extending through MEMS 
substrate 76 when MEMS actuator 170 is in a relaxed 
state. MEMS shutter 72 is moved to not obstruct its as- 
sociated aperture 74 when MEMS actuator 1 70 is in an 
activated state. MEMS actuator 170 is one of a variety 
of MEMS actuators that could be used to control MEMS 
shutter 72. 

[0040] M EMS actuator 1 70 is an implementation of a 



i thermal actuator, sometimes called a heatuator, that 
functions as a pseudo-bimorph. Actuator 170 includes 
a pair of structural anchors 1 72 and 1 74 that are secured 
to a substrate (e.g., substrate 10 or nitride layer 12, not 

P shown). A narrow semiconductor (e.g., polysilicon) arm 
1 78 is secured to anchor 1 72, and a wide semiconductor 
(e.g., polysilicon) arm 180 is secured to anchor 174 
through a narrow extension 182. Arms 178 and 180 are 
coupled together by a cross member 1 84. Except for at- 

10 tachments to anchors 172 and 174, arms 178 and 180, 
extension 182, and cross member 184 are released 
from the substrate. 

[0041] The components of actuator 1 70 have electri- 
cally semi-conductive and positive coefficient of thermal 

15 expansion properties. For example, actuator 170 is 
formed of silicon. Actuator 170 is activated when an 
electrical current is passed from a current source 190, 
such as a pixel control signal source, through arms 178 
and 180. The applied current induces ohmic or Joule 

20 heatiruj of arms 178 and 180, causing them to expand 
longitudinally due to the positive temperature coefficient 
of expansion of silicon. The smaller size of arm 178 
causes it to expand more than arm 1 80. 
[0042] Actuator 170 utilizes differential thermal ex- 

25 pansion of different-sized arms 1 78 and 1 80 to produce 
a pseudo-bimorph that deflects in an arc parallel to the 
substrate. With actuator 170 in its relaxed state, as 
shown in Fig. 21 , MEMS shutter 72 is positioned over 
aperture 74 and blocks light that is directed through it. 

30 with actuator 1 70 in its activated state, as shown in Fig. 
20, MEMS shutter 72 is moved to allow light to pass 
through aperture 74. . l ■ 

[0043] Fig. 22 Is a diagrammatic side view of a micro- 
electrical mechanical structure (MEMS) optical display 

35 system 200 that is the same as MEMS optical display 
system 50, except that a microelectrical mechanical 

structure (MEMS) optical modulator 202 includes a two- 
dimensional array of microelectrical mechanical struc- 
ture (MEMS) shutters 204 positioned on a light-receiv- 

40 tng side 206 adjacent apertures 208. MEMS shutters 
204 may be controlled by MEMS actuators (not shown) 
that move within a plane parallel to optical modulator 
202, as described above with reference to Figs. 20 and 
21. 

45 [0044] In other implementations, MEMS shutters 72 
and 204 of MEMS optical modulators 70 and 202 could 
be controlled by MEMS actuators that move shutters 72 
and 204 in planes that are transverse (e.g., perpendic- 
ular) to modulators 70 and 202, respectively. In such im- 

50 plementations, shutters 72 and 204 would have light- 
blocking positions at about the focal points of lenslets 
62. Shutters 72 and 204 would have generally light- 
transmitting positions that are generally distant from the 
focal points, but still within the optical paths of the light. 

55 [0045] Fig. 23 is a diagrammatic plan view of a micro- 
electrical mechanical out-of-plane thermal buckle-beam 
actuator 250 capable of providing transverse-plane 
movement of shutters 72 and 204, as described above. 
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Actuator 250 includes a pair of structural anchors 252 
and 254 that are secured to a substrate (e.g., substrate 
10 or nitride layer 12, not shown) and one or more ther- 
mal buckle beams 256 (multiple shown) that are se- 
cured at their base ends 260 and 262 to anchors 252 
and 254, respectively. Buckle beams 256 are substan- 
tially the same and extend substantially parallel to and 
spaced-apart from the substrate and are released from 
it other than at anchors 252 and 254. 
[0046] A pivot frame 264 includes a frame base 266 
that is secured to buckle beams 256 at coupling points 
268 that in one implementation are positioned between 
buckle beam midpoints (indicated by dashed line 270) 
and one of anchors 252 and 254 (e.g., anchor 254). Piv- 
ot frame 264 further includes at least one pivot arm 272 
(two shown) that is coupled to frame base 266 at one 
end and extends to a free end 274 that pivots out-of- 
plane when actuator 250 is activated. Pivot frame 264 
is released and free to move, other than where frame 
base 266 is secured to coupling points 268. Fig. 24 is a 
diagrammatic side view of actuator 250 in a relaxed 
state illustrating pivot frame 264 as being generally par- 
allel to or co-planar with buckle beams 256. 
[0047] Structural anchors 252 and 254 and buckle 
beams 256 have electrically semi-conductive and posi- 
tive coefficient of thermal expansion properties. For ex- 
ample, buckle beams 256 are formed of silicon. Actuator 
250 is activated when an electrical current is passed 
from a current source 280 through buckle beams 256 
via electrically conductive couplings 282 and 284 and 
structural anchors 252 and 254, respectively. The ap- 
plied current induces ohmic or Joule heating of buckle 
beams 256, thereby causing them to expand longitudi- 
nally due to the positive temperature coefficient of ex- 
pansion of silicon. With anchors 252 and 254 constrain- 
ing base ends 260 and 262 of buckle beams 256, the 
expanding buckle beams 256 ultimately buckle away 
from the substrate. In one implementation, buckle 
beams 256 are formed to have a widened aspect ratio, 
with widths (parallel to the substrate) greater than the 
thicknesses (perpendicular tojthe substrate), to provide 
a bias or predisposition for buckling away from the sub- 
strate, ratherthan parallel to it. Fig. 25 is a diagrammatic 
side view of actuator 250 in an activated state illustrating 
the out-of-plane buckling of buckle beams 256. 
[0048] The buckling of buckle beams 256 away from 
the substrate in the active state of actuator 250 causes 
free end 274 of pivot frame 264 to pivot away from the 
substrate. Pivot frame 264 rotates about frame base 
266, which is also raised away from the substrate by 
buckle beams 256. As a result, free end 274 moves and 
exerts a pivoting or rotational force outward away from 
the substrate. When the activation current ceases, 
buckle beams 256 cool and contract, which causes free 
end 274 of pivot frame 264 to return to its initial position 
with a force equal to the actuation force, but in opposite 
rotational and translational directions. Such rotational 
deflections of pivot frame 264 may be used in a variety 
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of applications, including providing out-of-plane deploy- 
ment of other mtcromechanical structures, such as 
those used in micro-optical devices. In the implementa- 
tion illustrated in Figs. 23-25, for example, a shutter 286 
5 is secured to free end 274 and pivots with pivot frame 
264 to selectively deflect light according to whether ac- 
tuator 250 is in its relaxed or activated state. 
[0049] Fig. 24 shows buckle beam 256 in a relaxed 
state extending over a spacing pad 290 that is secured 

10 to and extends from substrate 10 (e.g., the nitride layer 
12) near the middle of buckle beam 256. Fig. 25 shows' 
buckle beam 256 in an activated state. For example, 
spacing pad 290 may be formed of a P0 layer with a 
thickness of 0.5 pm, and buckle beam 256 may be 

15 formed of a different (released) layer. Spacing pad 290 
forces a small (e.g., 0.5 u,m) hump or deflection 294 in 
each of buckle beams 256 due to the conformal nature 
of the fabrication. Also, a dimple 292 is formed near 
each end of buckle beam 256. Dimples 292 may be 

20 formed as a protrusion or dimple extending from a bot- 
tom surface of buckle beam 256 or as a recess into its 
top surface, or both, as illustrated. In a MUMPs imple- 
mentation, for example, dimple 292 may be formed as 
is a 0.5 |im depression in the 2 ujti poly 1 layer and does 

25 not touch the substrate. 

[0050] Spacing pad 290 and dimples 292 cause buck- 
le beams 256 to buckle away from the substrate and 
reduce the stiction between buckle beams 256*and the 
substrate (e.g., the nitride layer 12). It will be appreciat- 

30 ed that for the multiple buckle beams 256 in a typical 
actuator 250, a separate spacing pad 290 could be 
formed for each buqkle beam 256 or spacing pad 290 
could be formed as a single continuous pad that extends 
beneath all the buckle beams 256. Spacing pad 290 and 

35 dimples 292, either individually or together, could be 
used alone or with a widened aspect ratio for buckle 
beams 256 to provide a bias or predisposition for them 
to buckle away from the substrate. 
[0051] As described above, some implementations 

40 employ thermal MEMS actuators. Some thermal MEMS 
actuators can require significant power when activated 
(e.g., 10 mA), so that current requirements for simulta- 
neous operation of many such actuators can be exces- 
sive. It will be appreciated, therefore, that other MEMS 

45 actuators, including at least electrostatic actuators and 
thermal actuators with reduced power requirements, 
may be used in other implementations to reduce the 
overall system power requirements. In addition, appli- 
cations described above refer primarily to optical display 

50 applications. It will be appreciated, however, that vari- 
ous aspects of the present invention, including MEMS 
optical modulators 70 and MEMS optical device mod- 
ules 100, could be used in other light modulating appli- 
cations, such as modulated scanners, detectors, etc. In 

55 such applications, MEMS optical modulators 70 and 
MEMS optical device modules 100, for example, could 
employ one-dimensional arrays of optical elements. 
[0052] In one implementation described above, 
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MEMS substrate 76 of MEMS optical modulator 70 has 
a thickness of about 200 fim. In mounting or supporting 
MEMS optical modulator 70 by its edges, such a thick- 
ness provides MEMS optical modulator 70 with ade- 
quate structural rigidity. With apertures 74 having di- 
mensions across them of about 20 urn, lenslets 62 of 
converging microlens array 60 can require a relatively 
large depth of focus. To avoid such a large depth of fo- 
cus, an alternative implementation of a MEMS optical 
modulator, such as MEMS optical modulator 202 in Fig. 
22, could employ reflective pads, rather than apertures, 
to selectively reflect illumination light from the reflective 
pads to a display screen, scanner, sensors, etc. 
[0053] Parts of the description of the preferred em- 
bodiment refer to steps of the MUMPs fabrication proc- 
ess described above. However, as stated, MUMPs is a 
general fabrication process that accommodates a wide 
range of MEMS device designs. Consequently, a fabri- 
cation process that is specifically designed for the 
present invention will likely include different steps, ad- 
ditional steps, different dimensions and thickness, and 
different materials. Such specific fabrication processes 
are within the ken of persons skilled in the art of photo- 
lithographic processes and are not a part of the present 
invention. 

[0054] In view of the many possible embodiments to 
which the principles of our invention may be applied, it 
should be recognized that the detailed embodiments are 
illustrative only and should not be taken as limiting the 
scope of our invention. Rather, I claim as my invention 
all such embodiments as may come within the scope 
and spirit of the following claims and equivalents there- 
to. 



i lectrical mechanical optical modulator selec- 

tively according to the selective positioning of 
the shutters; and • 
a display screen that receives the illumination 

5 light passing the microelectrical mechanical op- 

tical modulator. 

2. The display system of claim 1 further comprising a 
projection microlens array positioned between the 
to microelectrical mechanical optical modulator and 
the display screen and having an array of plural 
lenslets that project the illumination light to the dis- 
play screen: 

.15 • 3. The display system of claim 1 in which the microe- 
lectrical mechanical actuators of the microelectrical 
mechanical optical modulator are thermal microe- 
lectrical mechanical actuators. 

20 4. The display system of claim 1 in which the illumina- 
tion source includes only one light source. 

5. The display system of claim 1 in which the illumina- 
tion source includes plural light sources of different 
25 colors. 

€. • The display system of claim 6 further comprising a 
field sequential controller that operates the plural 
light sources alternately and controlling the shutters 
30 in coordination with the light sources in a field se- 
quential manner. 

7. The display system of claim 1 in which the display 
screen is a transmissive display screen. 



Claims 



A microelectrical mechanical optical display sys- 
tem, comprising: 

an illumination source that provides illumina- 
tion light; 

a collimating lens that receives the illumination 
light and forms from it collimated illumination 
light; , 
a converging microlens array having an array 
of plural lenslets that converge the collimated 
illumination light; 

a microelectrical mechanical optical modulator 
including a planar substrate through which plu- 
ral pixel apertures extend and plural microelec- 
trical mechanical actuators that support and se- 
lectively position plural microelectrical mechan- 
ical shutters over the apertures, the microelec- 
trical mechanical optical modulator being posi- 
tioned such that the pixel apertures receive the 
illumination light from the converging microlens 
array, the illumination light passing the microe- 



40 



8. "The display system oTclairh 1 further comprising 

housing that contains the display system to form a 
display module that can fit together with or engage 
other such display modules. 

9. The display system of claim 1 in which the illumina- 
tion source is monochrome. 



10. The display system of daim 1 in which the il lumina- 
ls tion source is polychromatic. 

11. A microelectrical mechanical multi-pixel optical 
modulator, comprising: 



so 



55 



a planar substrate with plural pixel regions; and 
plural microelectrical mechanical actuators that 
support and selectively position plural microe- 
lectrical mechanical shutters to selectively 
. modulate light directed at the pixel regions. 

12. The optical modulator of claim 1 1 in which each pix- 
el region includes an aperture that extends through 
the planar substrate. 
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13. The optical modulator of claim 11 in which each pix- 
el region includes a reflector on the planar sub- 
strate. 

14. The optical modulator of claim 11 in which the ac- 
tuators are thermal actuators. 

15. The optical modulator of claim 11 in which the ac- 
tuators provide selective positioning of the shutters 
generally in a plane that is parallel to the substrate. 

16. The optical modulator of claim 11 in which the ac- 
tuators provide selective positioning of the shutters 
generally in a plane that is transverse to the sub- 
strate. 

17. A microelectrical mechanical optical module, com- 
prising: 

a converging microlens array having an array 
of plural lenslets that converge illumination 
light; 

a microetectrical mechanical optical modulator 
including a planar substrate with plural pixel re- 
gions and plural microelectrical mechanical ac- 
tuators that support and selectively position 
plural microelectrical mechanical shutters over 
the pixel regions to selectively modulate light 
from the converging microlens array; and 
a projection microlens array having an array of 
plural lenslets and being positioned to receive 
modulated light from the optical modulator to 
project the modulated light 

18. The optical module of claim 1 7 further comprising a 
mounting structure that contains or encompasses 
the converging microlens array, the microelectrical 
mechanical optical modulator, and the projection 
microlens array, the mounting structure being con- 
figured to fit together with other such mounting 
structures. 

19. The optical module of claim 17 in which each pixel 
region includes an aperture that extends through 
the planar substrate. 

20. The optical module of claim 17 in which the actua- 
tors are thermal actuators. 

21 . The optical module of claim 1 7 in which the actua- 
tors provide selective positioning of the shutters 
generally in a plane that is parallel to the substrate. 

22. The optical module of claim 17 in which the actua- 
tors provide selective positioning of the shutters 
generally in a plane that is transverse to the sub- 
strate. 



23. A microelectrical mechanical optical 'display, com- 
prising: 

an illumination source that provides illumina- 
5 tion light; 

a collimating lens that receives the illumination 
light and forming from it collimated illumination 
light; 

plural microelectrical mechanical optical mod- 
*0 ules that each include a converging microlens 

array having an array of plural lenslets that con- • 
verge illumination light, a microelectrical me- 
chanical optical modulator including a planar 
substrate with plural pixel regions and plural, mi- 
's croelectrical mechanical actuators that support 
and selectively position plural microelectrical 
mechanical shutters over the pixel regions to 
selectively modulate light from the converging 
microlens array, a projection microlens array 
20 having an array of plural lenslets and being po- 
sitioned to receive modulated light from the op- 
tical modulator to project the modulated light, 
and a mounting structure configured to fit to- 
gether with other such mounting structures; 
25 qnd 

a display screen that receives the illumination 
light passing the microelectrical mechanical op- 
tical modulator. ♦ 

so 24. The optical display of claim 23 in which the plural 
optical modules are arranged in a two-dimensional 

array. 

i 

25. The optical display of claim 23 in which the illumi- 
35 nation source provides illumination light for all of the 

optical modules. 

26. The optical display of claim 23 in which each pixel 
region includes an aperture that extends through 

40 the planar substrate. 

27. The optical display of claim 23 in which the actua- 
tors are thermal actuators. 

45 28. The optical display of claim 23 in which the actua- 
tors provide selective positioning of the shutters 
generally in a plane that is parallel to the substrate. 

29. The optical display of claim 23 in which the actua- 
50 tors provide selective positioning of the shutters 

generally in a plane that is transverse to the sub- 
strate. 

30. A microelectrical mechanical optical module, com- 
55 prising: 

converging microlens array means for converg- 
ing illumination light; 
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microelectrical mechanical optical modulator 
means for selectively modulating light from the 
converging microlens array including a planar 
substrate with plural pixel regions and plural mi- 
croelectrical mechanical actuators that support 
and selectively position plural microelectrical 
mechanical shutters over the pixel regions; and 
projection microlens array means positioned to 
receive modulated light from the optical modu- 
lator for projecting the modulated light 

The optical module of claim 30 in which the con- 
verging microlens array means includes an array of 
plural lenslets. 



32. The optical module of claim 30 in which the micro- 
electrical mechanical optical modulator means in- 
cludes a planar substrate with plural pixel regions 
and plural microelectrical mechanical actuators that 
support and selectively position plural microelectri- 
cal mechanical shutters over the pixel regions. 

33. The optical module of claim 30 in which the projec- 
tion microlens array means includes an array of plu- 
ral lenslets. 

34. A microelectrical mechanical optical modulation 
method, comprising: 

converging collimated illumination light towarp* 
plural pixel apertures the extend through a pla- 
nar substrate; and ' 
selectively positioning plural microelectrical 
mechanical shutters over the plural pixel aper- 
tures to form a pixel arrangement of selectively 
modulated light. 

35. The method of claim 34 further comprising directing 
the pixel arrangement of selectively modulated light 
onto a display screen. 

36. The method of claim 34 further comprising directing 
illumination light through a collimating lens to pro- 
vide collimated illumination light and then converg- 
ing the collimated illumination light toward the plural 
pixel apertures. 

37. The method of claim 34 in which converging the col- 
limated illumination light toward the plural pixel ap- 
ertures includes directing collimated illumination 
light through a converging microlens array. 

38. The method of claim 34 in which each of the plural 
microelectrical mechanical shutters is controlled by 
a microelectrical mechanical actuator and selec- 
tively positioning the plural microelectrical mechan- 
ical shutters over the plural pixel apertures includes 
selectively actuating the microelectrical mechanical 



i actuators. 

39. The method of claim 38 in which actuating the mi- • 
croelectrical mechanical actuators includes ther- 

5 malty actuating them. 

40. The method of claim 34 in which selectively posi- 
tioning the plural microelectrical mechanical shut- 
ters over the plural pixel apertures includes passing 

10 different amounts of light through the pixel aper- 
tures as different pixel brightnesses. 

41 . The method of claim 40 in which passing; different 
amounts of light through the pixel apertures in- 

15 eludes positioning the plural microelectrical me- 
chanical shutters over the plural pixel apertures for 
corresponding different amounts of time. 

42. The method of claim 40 in which passing different 
20 amounts of light through the pixel apertures in- 
cludes positioning the plural microelectrical me- 
chanical shutters over corresponding different por- 
tions of the plural pixel apertures. 

25 43. The method of claim 34 in which the collimated illu- 
mination light includes plural separate color compo- 
• nents of collimated illumination light. 



30 
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40 



45 
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44. The method of claim 43 further comprising concur- 
rently converging the plural separate color compo- 
nents collimated illumination light toward the plural 
pixel apertures. 

45. The method of claim 43 further comprising time se- 
quentially converging the plural separate color com- 
ponents collimated illumination light toward the plu- 
ral pixel apertures. 
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(57) A MEMS optical display system includes an Il- 
lumination source for providing illumination light, a col- 
limating lens for receiving the illumination light and form- 
ing from it collimated illumination light, and a converging 
microlens array having an array of lenslets that con- 
verge the collimated illumination light. The converging 
microlens array directs the illumination light to a micro- 
electrical mechanical system (MEMS) optical modula- 
tor. The MEMS optical modulator includes, for example, 
a planar substrate through which multiple pixel aper- 



tures extend and multiple MEMS actuators that support 
and selectively position MEMS shutters over the aper- 
tures. A MEMS actuator and MEMS shutter, together 
with a corresponding aperture, correspond to pixel. The 
light from the converging microlens array is focused 
through the apertures and is selectively modulated ac- 
cording to the positioning of the MEMS shutters by the 
MEMS actuators, thereby to impart image information 
on the illumination light. The light is then passed to a 
diffused transmissive display screen by a projection mi- 
crolens array. 
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